cardiovascular disease, but its associations with the other causes of death declined across the follow-up period.
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Background
Many prospective observational studies have found a strong inverse association between indices of baseline lung function, based on forced expiratory volume in one second (FEV 1 ), and subsequent all-cause mortality, [1] [2] [3] [4] [5] even 420 years after the initial measurement of FEV 1 . [2] [3] [4] [5] Similar studies of cause-specific mortality have shown that impaired lung function does not only predict mortality from non-neoplastic respiratory disease, but also mortality from a range of other specific conditions including lung cancer, 1, [6] [7] [8] coronary heart disease (CHD), [1] [2] [3] 9, 10 and stroke. 1, 2, 9, 11, 12 Although the mechanisms underlying some of these associations are not fully understood, lung function may still be a useful screening tool for assessing individual general health. 1, 13, 14 Relatively few studies have investigated associations of peak expiratory flow (PEF) with long-term causespecific mortality. 13, [15] [16] [17] [18] However, PEF can be measured rapidly with an inexpensive and easily used hand-held device, possibly making it particularly useful as an indicator of health status in populations with limited access to healthcare. Measurements of the PEF and FEV 1 of the same individual are highly correlated with one another, but the intrasubject variability of PEF is somewhat greater than that of FEV 1 . However, PEF tends not to properly reflect airway obstruction, and a low value of PEF may also indicate restrictive lung disease or tuberculosis. [19] [20] [21] Consequently, PEF may have slightly different associations with subsequent cause-specific mortality than may FEV 1 16 and prospective studies of PEF and subsequent outcomes are therefore needed to fully establish its value for screening and disease detection.
Furthermore, almost all prospective studies of lung function and subsequent mortality have been conducted on Western populations. We know of only one such published study on the population of a developing country, 22 and none in China, where the general patterns of mortality differ from those in Western populations. Moreover, chronic obstructive pulmonary disease (COPD) is often under-diagnosed in China, particularly in rural areas, 23, 24 and although smoking is the main risk factor for this disease, other risk factors contribute significantly to its prevalence. [23] [24] [25] We therefore conducted a detailed analysis of the associations of PEF with cause-specific mortality over 15 years of follow-up in $170 000 Chinese men who took part in a nationally representative prospective study.
Methods

Baseline survey
The design of the study has been described in detail elsewhere. 26 Forty-five areas (23 urban and 22 rural) were chosen at random from China's 145 Disease Surveillance Points (DSPs), which were originally established to provide nationally representative mortality statistics. During 1990-1991, 225 721 men aged 540 years were recruited from two or three geographically defined units in each of the 45 selected areas (each unit consisting of a group of rural villages or a set of streets covered by a street committee).
Various physical measurements of each participant were made by trained health workers. These measurements included PEF [as the maximum of three readings made with a mini-Wright peak flow meter (range 60-800 L/min)], height, weight, and systolic blood pressure (SBP) (as the mean of two readings). A standardized questionnaire was used to collect detailed information related to socio-economic status (e.g. level of education); lifestyle factors (e.g. smoking); and a medical history, including physician-made diagnoses of specific chronic diseases (tuberculosis, coronary heart disease (CHD), stroke, peptic ulcer, kidney disease, cirrhosis, chronic hepatitis, cancer, emphysema, chronic bronchitis, asthma, and pulmonary heart disease) prior to the study baseline; and self-reported respiratory symptoms (frequent coughing or coughing up of mucus in the morning, shortness of breath when walking with other people of similar age at normal speed). Participants reporting a physician's diagnosis of one or more of chronic bronchitis, emphysema, pulmonary heart disease or asthma were defined as having COPD at the study baseline. Asthma was considered jointly with COPD because of the difficulties in its accurate diagnosis, and pulmonary heart disease is a common outcome of COPD in China. 27 
Follow-up
The vital status of each participant was followed by local DSP staff members through the death registries in each study area, together with annual active confirmation by local residential committees. The underlying cause of each death was sought from official death certificates, supplemented with information from medical records, and was coded according to the Ninth Revision of the WHO International Classification of Disease (ICD-9). The codes used were categorized as respiratory (including pulmonary heart disease, but excluding cancers) (010-018, 137, 415-417, 460-519), and combined non-respiratory causes, with the latter group further subdivided into neoplastic (including cancers of the respiratory tract) (140-208), cardiovascular (390-414, 420-459, 798) and other causes (Supplementary Table S1 , available as Supplementary data at IJE online). No attempt was made to further subdivide respiratory deaths because COPD is often poorly diagnosed in China, 23, 24 although most respiratory deaths recorded in the present study (87%) were attributed to COPD.
Statistical analysis
The data analysis in the study was confined to 200 533 men aged 40-69 years at baseline who resided in 44 of the original 45 study areas (no follow-up data were received after 2001 from one area), who were followed to either 1 January 2006 or their 85th birthday (whichever came first), so that all surviving participants potentially contributed to $15 years of follow-up. Men with missing PEF data or a recorded PEF outside the meter range (178 men), or missing values for other variables used in the study (a further 125 men), were also excluded from all analyses. Of the remaining participants a further 28 295 had a history of chronic disease other than COPD (i.e. tuberculosis, CHD, stroke, peptic ulcer, kidney disease, cirrhosis, chronic hepatitis or cancer), and were included only in a supplementary analysis, leaving 171 935 men who were included in the main study.
Peak expiratory flow was standardized to be uncorrelated with height by dividing it by height, 28 with the result then corrected to the mean population height by multiplying it by 1.65 m. The lack of correlation of PEF with height was checked empirically after this standardisation. This height-standardised PEF (h-PEF) was divided into 8 categories (with cut points of 200, 250, 300, 350, 400, 450, and 500 L/min) or 4 categories (with cut points of 250, 350 and 450 L/ min), depending on the number of deaths in each category in a particular analysis.
Cox proportional hazard models, with time in follow-up as the time scale, and stratified by area, were then used to examine the associations of categorical baseline h-PEF with respiratory or non-respiratory mortality. The highest h-PEF category was used as the reference category in all data analyses. The 95% confidence interval (CI) for the hazard ratio (HR) of each categorical h-PEF group was estimated through the 'floating absolute risk' method, which allows comparisons of any pair of groups rather than with an arbitrarily chosen reference group alone. 29, 30 Initial analyses, with respiratory or combined nonrespiratory mortality as end points, were done separately according to 5-year follow-up period, to assess the predictive ability of h-PEF over follow-up time, and were also done for each 10-year category of baseline age to assess whether associations were similar within each age category. Further Cox regression models, adjusted for baseline age (5-year categories) and area (strata), were used to investigate the effects of further adjustment for never/ever smoking, <6 years of education/ 56years education, or bodymass index (BMI), defined as weight (kg) divided by the square of height (m 2 ). Individuals with physician-diagnosed COPD or shortness of breath were excluded from some analyses, to investigate the effect of baseline respiratory disease on the HR. We also estimated the associations of specific causes of mortality with categorical h-PEF and continuous h-PEF. Confounding by smoking and education was assessed by comparing the hazard ratios (HRs) in models restricted to specific levels of these two variables. All statistical analyses were done with SAS version 9.2 (SAS Institute, Cary, NC, USA).
Results
The overall mean baseline age of the 171 935 men included in the study was 52.1 years; the mean (SD) h-PEF of this study population was 405 (103) L/min, 12.0% reported a history of COPD, 10.0% reported a history of shortness of breath, and a further 14.7% had other respiratory symptoms without shortness of breath (Table 1 ). Mean h-PEF declined consistently with age at baseline and, within each 10-year age group at baseline, a lower h-PEF was strongly associated with less education, living in a rural area, underweight, shortness of breath, and a previous diagnosis of COPD. Conversely, a higher h-PEF was associated with overweight. Lower h-PEF was only associated with smoking prevalence in the two uppermost groups for age. There was little or no trend in the prevalence of hypertension or cough in relation to h-PEF (Table 1) .
After a maximum 14.5 years of follow-up (mean 12.0 years), 24 500 men were lost to follow-up (mean age 51.7 years, mean (SD) h-PEF 423(109) L/min) and 30 181 had died before their 85th birthday. Of these deaths, 7068 (23%) were from respiratory and 22 490 (75%) were from non-respiratory causes. A further 623 deaths (2%) involved ill-defined or unknown causes (these were not considered in further analyses). Within each 10-year baseline age group, the crude death rates from both respiratory and non-respiratory causes were strongly inversely associated with h-PEF (Supplementary Table S2 , available as Supplementary data at IJE online). These inverse associations were also found within all combinations of 5-year follow-up period and 10-year baseline age group ( Figure 1 ).
There was no statistical evidence of an interaction of baseline age with non-respiratory mortality over the entire range of values of h-PEF, nor for an interaction with respiratory mortality for values of h-PEF 5 250 L/min. However, the association of h-PEF with mortality varied with the follow-up period Table 1 Characteristics of the population at baseline by category of height-adjusted peak flow and age at baseline ( Figure 1 ). In further analyses that were also adjusted for baseline age, additional adjustment for smoking and education slightly attenuated all associations (Table 2) . Further adjustment for BMI resulted in little change in associations of h-PEF with mortality from combined non-respiratory causes (Table 2) , but did slightly attenuate the associations of h-PEF with respiratory mortality. However, because weight-loss can be a result of COPD, BMI was not routinely included in further models. Consequently, all further analyses were adjusted for smoking and years of education as well as baseline age (in 5-year categories) and area of residence (strata), but were done separately according to follow-up period.
In the first 5-years of follow-up, the exclusion of individuals with COPD or shortness of breath at baseline considerably reduced the HR for respiratory disease in the category of h-PEF 4250 L/min, from 4.20 to 1.97 ( Table 2 ). The HRs in other categories of h-PEF and at later follow-up intervals, beyond 5 years, were reduced to a lesser extent. After similar exclusions for COPD or shortness of breath, the HRs for combined non-respiratory mortality were also slightly reduced in the lowest category of h-PEF and in the first 5-years of follow-up, but there was almost no effect in higher categories of h-PEF.
The HRs for respiratory mortality in the category of h-PEF<250 L/min were much higher in the first and second 5-year follow-up periods than would be expected from a log-linear association (P < 0.0001) (Figure 2 ). However, for h-PEF 5 250 L/min, the association was approximately log-linear and was consistent over 15 years of follow-up ( Figure 3) . A decrease in h-PEF of 100 L/min was associated with a 29% (95% CI: 25%-34%) greater rate of respiratory mortality. The exclusion of individuals with COPD or shortness of breath at baseline attenuated this association, yielding an excess mortality of 19% (14%-24%) per 100 L/min h-PEF.
Associations of h-PEF with mortality from combined non-respiratory causes were approximately log-linear throughout the observed range of values of h-PEF Physician-made diagnosis of chronic bronchitis, emphysema, pulmonary heart disease or asthma prior to baseline. When walking with other people of own age at normal speed.
( Figure 1 ), although there was some statistical evidence of departure from log-linearity in the first 5-year follow-up period (P ¼ 0.02), particularly for cardiovascular disease (P ¼ 0.0007) (Figure 2 , and Supplementary Table S3 , available as Supplementary data at IJE online). Throughout the entire range of h-PEF, a 100 L/min decrease in h-PEF was associated with a 13% greater mortality from combined nonrespiratory causes in the first 5-year follow-up period, but this declined to 8% in the second and 6% in the third 5-year follow-up period (P for trend ¼ 0.001) (Figure 3 ). Peak flow also predicted death from a wide range of specific causes ( Figure 3 , and Supplementary Table S3 , available as Supplementary data at IJE online). Mortality from all cardiovascular disease was strongly associated with h-PEF (Figure 2 ). In the three consecutive 5-year follow-up periods in the study, a decrease in h-PEF of 100 L/min was associated with an 18%, 10%, and 6% higher mortality, respectively, from all cardiovascular disease (P for trend ¼ 0.0001) (Figure 3) . Associations of h-PEF with CHD, stroke, and other cardiovascular causes of death were similar, although the trend for CHD mortality over the 15-year follow-up period was not statistically significant. The exclusion of individuals with physician-diagnosed COPD or shortness of breath at baseline had very little effect on cardiovascular mortality, resulting in 15% (10%-21%), 11% (7%-15%), and 6% (1%-10%) higher cardiovascular mortality, respectively, in each successive 5-year follow-up period for every 100 L/min decrease in h-PEF. Lung cancer was responsible for most of the observed inverse association of all cancer with h-PEF. In the first and second 5-year follow-up periods, mortality from lung cancer was respectively 27% and 22% higher per 100 L/min decrease in h-PEF, but was only 8% higher (not significantly different from zero) in the remainder of the 15-year follow-up, (P for trend ¼ 0.03) (Figure 3) . In contrast, the corresponding excess mortality for all other cancers was only 7%, 1%, and 2%, respectively, in the three follow-up periods, (not significantly different from zero in the last two follow-up periods) (Figure 3) . After the exclusion of individuals with physician-diagnosed COPD or shortness of breath at baseline, excess lung cancer mortality was reduced to 16% (95% CI 3%-32%), 13% (3%-25%), and 2% (À9-16%), respectively, per 100 L/min decrease in h-PEF in each of the three successive 5-year follow-up periods.
There were also inverse associations of h-PEF with lung cancer, stroke, and CHD within categories of smoking and years of education, and no statistical evidence that the strengths of these associations Table 3 Hazard ratios for selected causes of death, per 100 L/min decrease in height-adjusted peak expiratory flow at baseline, by 5-year follow-up period and smoking status at baseline Hazard ratios were adjusted for area, baseline age and years of education.
b P for interaction between height-adjusted peak expiratory flow and smoking status determined from the Wald 2 for the interaction term. c Analysis confined to men with height-adjusted peak expiratory flow 5 250 L/min for all respiratory causes of death as the association with respiratory mortality was approximately log-linear above this value of height-adjusted peak expiratory flow.
were significantly modified by smoking (Table 3) or years of education (Table 4) .
Discussion
The strengths of this study are its large size, nationally representative population sample, and long follow-up period, enabling associations of PEF with cause-specific mortality to be analysed in detail. In common with prospective studies of FEV 1 in Western populations we found that mortality from respiratory causes and from a wide range of specific non-respiratory causes, including lung cancer, 1, [6] [7] [8] CHD, [1] [2] [3] 9, 10 and stroke, 1, 2, 9, 11, 12 was associated with lung function.
Associations in the single study of FEV 1 and causespecific mortality that was also based on the population of a developing country (India) 22 can be compared with the associations found in our study on the basis of HR per SD decline in lung function. In that study, the associations of FEV 1 with respiratory and cardiovascular mortality and all cancer were slightly higher than in our study, but persons with histories of chronic disease were not excluded. That study did not have enough deaths from lung cancer to make good comparisons. A limited number of other studies of PEF and subsequent cause-specific mortality also found associations with cardiovascular events 15, 17, 18 and lung-cancer mortality, 15 but these studies were small, with relatively short follow-up periods, elderly populations at baseline, and varying indices of PEF, preventing comparisons of the strengths of associations of PEF with cause-specific mortality with those found in our study.
In our study, 23% of deaths were attributed to respiratory causes, which is much greater than the 5%-15% typically reported in similar studies of Western populations, 1, 2, 5, 9, 15, 31 and most of these were attributed to COPD on the death certificates. Hazard ratios were adjusted for area, baseline age, and years of education. b P for interaction between height-adjusted peak expiratory flow and smoking status determined from the Wald 2 for the interaction term. c Analysis confined to men with height-adjusted peak expiratory flow 5 250 L/min for all respiratory causes of death as the association with respiratory mortality was approximately log-linear above this value of height-adjusted peak expiratory flow.
Chronic obstructive pulmonary disease is usually characterised by a gradual decline in lung function, yet in our study, deaths attributed to COPD occurred in the first 5-year follow-up period in participants with apparently normal baseline values of h-PEF. These deaths may therefore actually have been caused by acute respiratory infections, 32 or may indicate that PEF poorly indicated airflow obstruction at baseline. 19, 20 Unsurprisingly, respiratory mortality was very strongly associated with low values of h-PEF, and particularly with values of h-PEF <250 L/min. In accord with the findings in other studies, 1 and with respiratory failure being the main cause of death in severe COPD, 32 the association was strongest in participants with a physician diagnosis of COPD or with shortness of breath at baseline. However, there was also a 29% increase in respiratory mortality per 100 L/min decrease in h-PEF that was consistent over the 15 years of follow-up and over the entire range of values of h-PEF 5250 L/min. Even after the exclusion of individuals known to have respiratory disease at baseline, about half of the association remained, suggesting that the measurement of PEF may be a useful means of screening for persons at risk for future respiratory disease.
Several explanations have been proposed for the associations of lung function with non-respiratoryassociated mortality. First, lung function, and particularly PEF, is well correlated with indicators of general physical and cognitive health. 15, 33, 34 Other explanations include pre-existing disease at baseline; residual confounding; and systemic effects of COPD. 15, 32 That low h-PEF was associated with mortality from all of the specific causes investigated in our study supports the view that it may be correlated with general health status. Associations were stronger in the 28 295 participants who were excluded from the main analyses in our study because of a history of chronic disease other than COPD (Supplementary  Table S4 , available as Supplementary data at IJE online), and undiagnosed disease at baseline could therefore have contributed to the observed associations of PEF with mortality in the study population. However, with the notable exception of the association of PEF with cancers other than lung cancer, most other associations of PEF with mortality persisted after the first 5-year follow-up period, and are therefore probably not completely explained by reverse causality. Associations of PEF with non-respiratory mortality are also unlikely to be explained by confounding by smoking or low socio-economic status, both of which are important risk factors for COPD in China. 24, 25 Excluding persons with COPD at the study baseline did not affect associations of cardiovascular mortality with h-PEF, but did reduce those of lung cancer mortality, suggesting that COPD at baseline is associated with lung cancer but not with cardiovascular disease in the study population. However, baseline COPD was defined as a self-reported, physician-made diagnosis, and was probably also considerably under-diagnosed.
A puzzling feature of our findings is the attenuation of associations of PEF with non-respiratory disease in later stages of the follow-up period. Other published studies have found associations of mortality with FEV 1 to be highly consistent over lengthy follow-up periods, 1,3,11 but we know of no comparable studies using PEF. It is unlikely that reverse causality would have contributed much to the attenuation of associations of PEF with non-respiratory disease after the first 5-year follow-up period, but minor departure from log-linearity in some of the associations in early stages of the follow-up period would have contributed to this. Baseline PEF might predict future respiratory decline less well than FEV 1 , but then we would also expect to have seen attenuation in associations of PEF with respiratory mortality. A weakness of the present study was that we had only the highest of the three measurements that were made of PEF, and no data on repeatability and no estimates of the decline in PEF in individuals with which to test this hypothesis.
A few small studies, 35 including one in China, 36 have assessed the utility of PEF as a screening tool for COPD. Our study suggests that further such assessments of the utility of PEF should be conducted. Such a screening tool might be particularly useful in China, where late diagnosis of COPD adds considerably to the burden of this disease. 23 Spirometry is not always practicable, particularly in rural areas, and a recent survey in China found that only 35% of persons found to have spirometrically defined COPD had previously had a diagnosis of the disease. 24 Studies of Western populations have found that PEF also provides a useful assessment of general health status and is predictive of future hospitalizations and mortality. 13, 14 In our study, cardiovascular mortality accounted for a further 35% of all deaths and was also strongly associated with a lower PEF in the 5 years after its measurement, even after the exclusion of individuals with known cardiovascular disease. Because PEF was also not strongly associated with SBP, the possibility of using PEF as part of a healthassessment to screen for individuals likely to develop cardiovascular disease, as well as identifying those at risk of respiratory disease, should be considered. Because associations of PEF with non-fatal events may differ from its associations with mortality, further studies of PEF and incident disease are needed in China.
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